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This thesis reports investigations on high performance coating by plasma processing. 
Coating with functional materials is attracting attention in various fields including 
industrial and medical fields, because it can desirably change surface properties of 
materials. Plasma processing is widely used in coating, because a very wide variety of 
thin films such as pure metals, alloys, etc. can be deposited. However, it is very 
challenging to conduct inner coatings of narrow tubes. It is also challenging to conduct 
coatings of non-conductive materials on non-conductive substrates. In this study, the 
author aimed to develop new methods to realize these difficult but necessary coatings in 
high performance. Consequently, the author has developed methods to conduct coating 
of non-conductive films on inner and outer walls of non-conductive tubes. The coated 
thin films were in acceptable performance. This chapter describes background, scope, 
purpose, etc. in detail. 
 
1.1 Coating 
Coating is the process of covering the surface of materials by decorative or 
functional film according to the desired properties. The process might be complete or 
partial coating of the substrate. The advantage of coating is that the substrate material 
will be able to gain new properties according to the properties of the coated film. 
Coating process is widely used in industry for many purposes. There are many coating 
methods which are from hand brush to plasma technology, depending on the 
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characteristics of the desired film. Today, plasma coating has become the major coating 
technology. 
Coating is utilized in many fields of industries. However, it is difficult to make 
coating on inner walls of narrow tubes. They will be used in the field of gas or liquid 
transportation. In these fields, new technology is required. In the fields of medicine, 
new coating technology for cylindrical substrate such as catheter is desired. For catheter 
adding biocompatibility and low friction coefficient are required.  
 
1.2 Introduction to Plasma 
Despite the conventional belief that our universe consists of the three states of 
matter (solid, liquid and gas), there is another state which is plasma. It is called the 
fourth state of matter. More specifically, plasma is an ionized gas or other medium in 
which charged particle interactions are predominant. Here "ionized gas” means a 
collective of particles in which there are considerable numbers of "free (unbound) 
electrons” and “electrically charged ions” in addition to the neutral atoms and molecules, 
which are normally present in a gas. Therefore, the charged particles interact with many 
other particles in the plasma. Therefore, the charged particles interact with many other 
particles in the plasma. The plasma is a collective but weakly coupled medium in which 
interaction energies are much smaller than thermal energies [A1]. The atoms or 
molecules convert into positively charged ions during ionization. In addition, the 
condition of “Debye's sphere” has to be accomplished, which determines the 
quasi-neutral state [A2]. 
Most likely, we live in 1% of the universe in which plasmas is not generated 
naturally, while the 99% of the matter in the universe is in plasma state [A3]. This 
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assessment may not be precise but it is undoubtedly rational, because stellar interiors 
and atmospheres, gaseous nebulae, and most of the interstellar hydrogen are plasmas. In 
our own neighborhood, one encounters the plasma comprising the Van Allen radiation 
belts and the solar wind soon after one leaves from the earth’s atmosphere. On the other 
hand, in our daily lives, there are encounters with plasma such as Aurora Borealis, 
fluorescent light, neon sign, and lightning [A3].  
Plasma technology can be divided into thermal and non-thermal plasma from aspect 
of gas temperature. On the other hand, from the aspect of material phase, plasma 
technology can be divided into solid phase, gas phase and liquid phase plasma 
technologies. Gas-phase plasma technology is widely used in many industrial fields, 
such as electronic device manufacturing processes (e.g. plasma etching, sputtering, 
plasma-enhanced chemical vapor deposition, etc.), hard coating processes (e.g. ion 
plating, sputtering, etc.), and surface treatment processes (low or atmospheric pressure 
plasma treatments, sputtering, plasma etching, etc.). Solid-phase plasma technology has 
been used in surface-Plasmon resonance (SPR) spectroscopy, etc. It is also used for 
healthcare, analysis, paint, etc. [A4]. Liquid-phase plasma technology also has large 
application fields (e.g. nano-material synthesis, surface modification, water treatment, 
sterilization, recycle of rare materials, and decomposition of toxic compounds) [A5]. 





Fig. 1-1. Changes in the state of matter. 
 
Figure 1-1 shows the changes in the state of matter by energy which mainly depends 
on the “temperature”. Thus, increasing the energy of solid phase will change solid to 
liquid phase through melting, or directly change solid to gas phase through sublimation. 
Likewise, increasing energy of liquid phase will change liquid to gas phase through 
vaporization. Moreover, increasing the energy of gas phase will ionize gas to plasma 
phase. On the other hand, reducing the plasma phase energy will change plasma to gas 
phase through recombination. Additionally, reducing the energy of gas phase will 
change gas to liquid phase through condensation or directly change gas to solid phase 
through deposition and solidification. Finally, reducing the energy of liquid phase will 
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change liquid to solid phase through freezing.      
 
1.3 Coating using plasma 
Plasma coating techniques have been developed over the years to conduct coating of 
high-quality functional films which are desired in many industrial fields. Plasma 
technology enables control of the coating processing with high accuracy in terms of 
thickness, morphology, hardness, etc. Furthermore, deposition, implantation and surface 
modification are important material processing for producing films on surfaces and 
modifying their properties. Film and mask deposition, mask patterning, implantation, 
other modification, etching and mask stripping are repeated many times during the 
manufacture of modern integrated circuit devices. Because device structures are 
sensitive to temperature, high temperature deposition processes cannot be used in many 
cases. Fortunately, owing to the non-equilibrium nature of low pressure processing 
plasma, films that are usually deposited at high temperatures can be deposited at low 
temperatures. Furthermore, films can be deposited with improved functional properties, 
non-equilibrium chemical compositions, and crystal morphologies that are unattainable 
under equilibrium deposition conditions at any temperature. Unique films like diamond 
not naturally found can be deposited [A6]. 
Sputtering process is generally accepted method for producing functional thin films 
by plasma. In the basic sputtering process, a target (or cathode) is bombarded by 
energetic ions generated in glow discharge plasma, situated in front of the target. The 
bombardment causes the removal or sputtering of target atoms, which may condense on 
a substrate as a thin film. At the same time, secondary electrons are emitted from the 
target surface as a result of the ion bombardment, and these electrons play important 
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roles to maintain plasma [A7]. Furthermore, there are many types of sputtering such as 
direct current (DC) sputtering, radio frequency (RF) sputtering, reactive sputtering and 
magnetron sputtering. 
Sputtering deposition is a physical vapor deposition (PVD) method of thin film by 
sputtering, which is widely used in the thin film industry [A8]. This involves ejecting 
material from a "target" that is a source of thin film deposited onto a "substrate" such as 
a silicon wafer. In physical sputtering, incident ions physically sputter target atoms, 
which ballistically flow to a substrate and are deposited. Argon ions at 500-1000 eV are 
usually used for sputtering, which are suitable for sputtering almost all target materials 
including a very wide variety of pure metals, alloys, and insulators. Physical sputtering, 
especially of elemental targets, is a well-understood process, sputtering systems for 
various applications can be easily designed. Reasonable deposition rates with excellent 
film uniformity, good surface smoothness, and adhesion can be achieved over large 
areas. Refractory materials can also be easily sputtered. Sputtering deposition usually 
gives films with bad thickness uniformity, although re-deposition techniques by ion 
bombardment of the deposited film can improve the uniformity [A6]. 
Sputtering process is not commercially acceptable, because of its very low 
deposition rate. However, the use of magnetic field enhanced the sputtering process and 
led to the development of magnetron discharge which is widely used in many 
commercial applications owing to its high deposition rate [A9]. In magnetron sputtering, 
a magnetic field is used to sustain the discharge in the vicinity of the sputtered cathode 
(target). The magnetic circuit placed behind the sputtered cathode forms a tunnel of 
semi-toroidal magnetic field B. In this closed B field tunnel, plasma is confined and the 
sputtering gas is very efficiently ionized owing to a drift of electrons along the tunnel 
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axis in crossed E and B fields. This sputtering system is called the conventional 
magnetron (CM) system. The plasma of the CM is distributed in the vicinity of the 
sputtered target, where the magnetic field B is strongest [A10]. There are other types of 
magnetron systems: Unbalanced magnetron [A11], low-pressure magnetron [A12], 
magnetron with enhanced ionization [A13], ionized magnetron [A14], high-power and 
high-rate magnetron [A15], etc.  
Moreover, magnetron sputtering has developed rapidly over the last decade and it 
has become the process for the deposition in a wide range of industrial coatings. The 
driving force behind this development has been the increasing demand for high-quality 
functional films in many diverse market sectors. In many cases, magnetron sputtered 
films now outperform films deposited by other physical vapor deposition (PVD) 
processes, and it can offer the same functionality as much thicker films produced by 
other surface coating techniques. Consequently, magnetron sputtering now gives a 
significant impact in application areas (e.g. wear-resistant coatings, low friction 
coatings, corrosion-resistant coatings, decorative coatings and coatings with specific 
optical or electrical properties).  
On the other hand, magnetrons make use of the fact that a magnetic field configured 
parallel to the target surface can constrain electron motion in the vicinity of the target. 
The magnets are arranged in such a way in which one pole is positioned at the central 
axis of the target and the second pole is formed by a ring of magnets around the outer 
edge of the target. Trapping the electrons in this way substantially increases the 
probability of ionization by electron-atom collision. The increased ionization efficiency 
by magnetron results in a dense plasma at the target region. This leads to increased ion 
bombardment on the target, gives higher sputtering rates and higher deposition rates at 
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the substrate. In addition, the increased ionization efficiency achieved in the magnetron 
mode allows the discharge to be maintained at lower operating pressures (typically, 10
-3
 
mbar, compared to 10
-2
 mbar) and lower operating voltages (typically, -500V, compared 
to -2 to -3 kV) [A7]. 
The evaporation and sputtering of solid materials are fundamental physical 
processes currently used in the physical vapor deposition (PVD) of thin films. The 
evaporation dominated over the sputtering for a very long time, and this was mainly due 
to a very low sputter deposition rate aDs (1‹‹μ/min) of the film, and relatively high 
pressures p (≥1 Pa) which is necessary to sustain sputtering discharge. The breakthrough 
was brought after the discovery of planar magnetron by Chapin [A16]. From that 
moment, sputtering method was developed rapidly. Furthermore, every important 
progress in magnetron technology depend on a deep understanding of the physical basis 
of magnetron discharges and on significant improvements of existing sputtering systems, 
as well as on the development of new systems operating under new physical conditions 
[A17]. 
 
1.4 Scope of this study 
The purpose of this study is to develop new plasma coating methods of 
non-conductive films on inner and outer walls of non-conductive tubes. The coating 
process is relatively easier when the material of the tube substrate is electrically 
conductive. Furthermore, the coating process also depends on the coated film electrical 
properties. The coating process is relatively easier when the coated film is conductive as 
the coated film will play the role of an anode (extended anode effect). On the other hand, 
the coating process is very challenging when both the tube substrate and the coated film 
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are non-conductive. Therefore, the author investigates on new methods of coating of 
non-conductive films on inner and outer walls of non-conductive tubes. 
 
1.5 Contents of this thesis 
Chapter 1 contains background, and scope and purpose of this study. An 
introduction to plasma, sputtering process and magnetron discharges is also included in 
this chapter. 
Chapter 2 contains “Advanced DLC coating technique for silicone-based tubular 
medical devices”. An advanced DLC coating technique has been developed to fabricate 
adhesive DLC layer on silicone-based tubular medical devices. The novelty of the 
multi-electrode coaxial magnetron plasma system includes the capability to produce a 
uniform and flexible DLC coating layer having high hardness and low friction 
coefficient by a hybrid technique of chemical vapor deposition (CVD) and physical 
vapor deposition (PVD). It is a simple single-step process such that pretreatment is not 
required on the silicone-based substrate. Furthermore, the deposited film was confirmed 
to be biocompatible.  
Chapter 3 contains “Influence of physical conditions on extended anode effect in 
tube inner coating”. For uniform tube inner coating of non-conductive thin films, 
influence of physical conditions on extended anode effect on the double-ended coaxial 
magnetron pulsed plasma (DCMPP) method was examined. It was clearly shown that 
the extended anode effect was strongly influenced by the electrical resistance of the 
coated thin films on the inner surface of insulator tube. Additionally, high frequency 
(100 kHz) was better for relatively high plasma density and for avoiding the cathode 
cutting due to heat concentration. On the other hand, in the case of O2 mixture, negative 
10 
 
ion production drastically decreased the deposition rate and increased the resistivity of 
coated TiO2 films. 
Chapter 4 contains “Tube inner coating of non-conductive films by pulsed reactive 
coaxial magnetron plasma with outer anode”. The double-ended coaxial magnetron 
pulsed plasma (DCMPP) method with an auxiliary outer anode (Aluminum) was 
developed in order to achieve uniform coating of non-conductive thin films on the inner 
walls of insulator tubes. It was clearly shown that using of an auxiliary outer anode with 
DCMPP enhanced the uniformity of the deposited film compared to DCMPP without 
outer anode. 
In Chapter 5, major results are summarized. Then, the author concludes the study 
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Recently, catheter and its guide wire are widely used for medical treatments. A 
catheter is a thin flexible pipe that is possible to be inserted into a body cavity, duct or 
vessel through the process of catheterization. Catheters enable administration and 
drainage of gases or fluids, and they allow the access of surgical equipment [B1]. The 
narrow and long metal wire guides a catheter to the affected part of human body. At 
present Ni-Ti alloy or stainless steel is used for the guide wire. For adding a 
biocompatibility and a low friction coefficient, the surface of the guide wire is coated by 
polyurethane and polytetrafluoroethylene (PTFE). These coatings have several 
problems such as peeling and abrasion. On the other hand, the catheter is required to 
exhibit higher biocompatibility. Therefore, diamond-like carbon (DLC) coating is very 
suitable for the items that are inserted into a human body, because DLC was approved 
to be biocompatible [B2].  
DLC films have been coated by several methods such as direct ion beam deposition 
[B3], pulsed laser ablation [B4], ion beam conversion coatings [B5], filtered cathodic 
arc deposition [B6], plasma source ion implantation and deposition [B7], magnetron 
sputter coating [B8], and RF plasma-activated chemical vapor deposition [B9]. In this 
research, fine DLC coatings on medical-grade non-conductive silicone catheter for 
higher safety were investigated. Furthermore, the coating was carried out by 
multi-electrode coaxial magnetron plasma system utilizing a hybrid technique of 
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chemical vapor deposition (CVD) and physical vapor deposition (PVD) as illustrated in 
Fig. 2-1. Here hybrid means that both CVD and PVD techniques were combined 
together. Carbon atoms are sputtered by ionized argon gas and deposited on the surface 
of the substrate (PVD process) [B10]. On the other hand, thin films are deposited on a 
substrate surface through the chemical reactions of gaseous molecules which contain the 
atoms that are desired to form the deposited film (CVD process). These chemical 
reactions generally occur on the surface of the substrates and it is also possible to take 
place in the gas phase [B11]. In this study the CVD was performed using reactive 
carbon source gases.  
The DLC coatings on silicone-based catheter were performed by multi-electrode 
coaxial magnetron plasma system. The coatings showed the potential use of DLC 
coating on silicone catheters. Therefore, it was revealed that the multi-electrode coaxial 
magnetron plasma system was valid for the coating of non-conductive films on the outer 





Fig. 2-1. CVD&PVD Hybrid Coating technique. 
 
2.2 Experimental methods 
2.2.1 Coaxial magnetron plasma with multiple electrodes system and 
experimental conditions 
The experimental system utilizing coaxial magnetron plasmas with multiple 
electrodes is shown in Figs. 2-2. The silicone-based tubular medical device (catheter) 
having an outer diameter of 2 mm and a length of 270 mm was located at the center of 
four carbon electrodes (target cathode). A negative pulse bias voltage of -100 V was 
applied to the wire positioned inside the substrate, and a negative DC high voltage was 
applied to carbon electrodes that were surrounded by eight aluminum rods, as shown in 
Fig. 2-2(a). The electric fields around the electrodes are illustrated in Fig.2-2 (b).  
Detailed diagram of the experimental system is shown in Fig. 2-3. The electrode 
system shown in Fig. 2-2 was located in a cylindrical chamber on which solenoid coil 
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was wound for axial magnetic field application. Ar and C2H2 were the gas species used 
in the reaction. A hybrid technique of plasma-enhanced chemical vapor deposition 
(PECVD) and physical vapor deposition (PVD) was used to carry out DLC deposition. 
The experimental conditions are shown in Table 2-1. The DLC-coated silicone-based 
tubes were characterized by optical microscopy, Raman scattering spectroscopy, and 
stretching/frictional wear tests. The friction test conditions are shown in Table 2-2. The 
tubes were further observed in cell culture with adipocytes of mouse to verify their 






Fig. 2-2. Configuration of electric field of coaxial magnetron plasmas with multiple 











Table 2-1. Experimental condition. 
Deposition Method CVD&PVD 
Gas Pressure [Pa] 10 
Magnetic Flux Density [Gauss] 
250, 300, 350, 400 
Discharge Voltage [V] -400 
Substrate Repetition Pulse Bias Voltage [V] 
-100 
Pulse Repetition Frequency [kHz] 
1 
Duty Ratio [%] 50 
Deposition Time [min.] 60 
 
 
Table 2-2. Experimental conditions of friction test. 
Test load 490 [mN] 
Length of Stroke 4 [mm] 






2.2.2 Verification of biocompatibility 
Cell line (MC3T3-E1, Riken Cell Bank was used for in-vitro evaluation of the DLC 
coated catheter. α-MEM (MEM Alpha; GIBCO, Invitrogen) containing 10% fetal 
bovine serum (GIBCO) and 1% antibiotic, 100 units per mL penicillin and 100 μg per 
mL streptomycin (GIBCO) was used as a plane medium for cell morphology and 
viability test. Frozen cells were heated for 1 min at 37 °C and cells were dispersed in 
medium and kept in a humidified CO2 incubator at 37 °C. Cells were proliferated for 5 
days and were detached by 0.25% trypsin (GIBCO). Detached cells were used for 
making the cell suspension with 1×10
4
 cells per cm
2
. The cells were seeded on the 
samples and the culture medium was changed every 2 days. Each experiment was 
performed in quadruple (n= 4) for each group of samples. 
a) Cell morphology 
A cell suspension, 1×10
5
 mouse adipocyte cells per well, was cultured on the sample 
for 3 hours to observe morphology of the cells. Before fixation the cells were rinsed 
gently with a PBS (−) solution. 2.5% glutaraldehyde (Wako) was used for fixation of 
cells. The cells after fixation at 4 °C for 2 hours were dehydrated using upgrade ethanol, 
at the final step of dehydration, the samples were kept in 100% ethanol at room 
temperature for 30 min which followed drying at room condition. Finally dried samples 
were coated with gold by sputtering for SEM observation and photography.  
b) Cell viability 
By culturing undifferentiated mouse osteoblastic MC3T3-E1 cells on the sample 
surfaces, verification of cell viability was performed. MC3T3-E1 osteoblasts were 
maintained at 37 °C in medium (5% humidified CO2). The one solution cell 
proliferation assay (CellTiter 96® AQueous, MTS assay, Promega Corp. [B12] was 
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used for cell viability evaluation. MTS assay was added to MC3T3-E1 cells at days of 
2nd, 4th, and 6th after 4-hour incubation at 37 °C atmosphere of 5% CO2. The solution 
was taken from all wells and the solution was transferred into each well of 96-well 
plates and their absorbance at 490 nm was obtained. 
 
2.3 Results and discussion 
2.3.1 Mechanical property of DLC coated silicone tube 
According to the Child-Langmuir Law in a magnetic field [B13] the discharge 
current Id is given by: 






,   (2-1) 
where, P is the pressure, B is the magnetic flux density, Vd is the discharge voltage, V0 is 
the breakdown voltage, and A, a, and b are the constants of proportionality. Therefore, 
Id is proportional to the 3/2 power of the discharge voltage, and it is proportional to a 
square of the pressure and the magnetic flux density. As observed in Fig. 2-4, the 





Fig. 2-4. Current density as a function of magnetic flux density. 
 
As it is possible to obtain the ratio of sp2 to sp3 by measuring the ratio of the 
stretching mode to the breathing modes of sp2 bonds, DLC film was observed by 
Raman scattering spectroscopy which are shown in Fig. 2-5. D and G peaks appeared in 
the vicinity of 1350 cm
−1
 and 1590 cm
−1
, respectively. The G peak corresponds to the 
bond stretching of all pairs of sp
2
 atoms and the D peak corresponds to the breathing 
modes of sp
2
 atoms. These peaks were confirmed in all the samples in this study. D 
peak becomes conspicuous when current density increases. Therefore, the deposited 




























Fig. 2-5. Variation of Raman Spectrum due to increase in flux density. 
 
Moreover, ID/IG ratio is plotted from each Raman spectrum as shown in Fig. 2-6. 
The increase of the ID/IG ratio is in accordance with the increase of the plasma density. 
The ratio is said to be derived from the grain size of carbon film [B-14]. High plasma 
density increases the size of carbon crystallites, while low plasma density decreases the 





Fig. 2-6. ID/IG ratio of coated DLC as a function of magnetic flux density. 
 
The results of friction coefficient test are shown in Fig. 2-7. The test was performed 
by a pin-on-disc type system under the conditions in which test load was 490 mN, 
rotation speed was 120 rpm, and rotation number was 1200 times. More detailed test 
conditions are shown in Table 2-2. Friction coefficients of the DLC prepared at 
magnetic flux density of 250 G and 350 are 0.1 and 0.2, respectively, which is about 1/5 
of the uncoated reference. However, the friction coefficient in accordance with the 
number of cycles increased. The possible explanation is the membranaceous change that 
















Magnetic Flux Density [G] 
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(ID/IG) ratio tends to increase with increasing the strength of the magnetic flux density 
under the experimental conditions. This is due to carbon crystallite size [B15]. That is, 
increasing magnetic flux density will increase the carbon crystallite size which will lead 
to formation of rough DLC with high friction coefficient. On the other hand, decreasing 
the magnetic flux density will decrease the carbon crystallite size which will lead to 
formation of smooth DLC with low friction coefficient. 
Coating of DLC film with thickness of 3 μm was achieved under the optimum 




























250 [G]  0.33 [mA/cm2]
300        0.68
350        1.42
400        2.14
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Fig. 2-8. Coated silicone tube (a) before, and (b) after pulling. 
 
Figure 2-8 shows results of the stretching test of the coated silicone tube of 20 mm 
length before stretching, then the tube was stretched for 10 mm and the results showed 
no sign of DLC peeling off.  
 
2.3.2 Cell morphology 
The evaluation of the direct contact between cells and biomaterials identifies the 
presence of potential leachable. In pilot experiment, biocompatibility of the silicone 
catheter was assessed. Preliminary results indicate that mouse adipocytes were viable on 
both uncoated and DLC coated silicone surfaces 6 days after the initial contact. Cell 
viability on DLC coated tubes is required to show that the new coating is not toxic and 
viability is at least in the level of untreated sample. 
In pilot experiment, biocompatibility of the silicone was assessed by SEM images of 
cells morphology after 4-hour cell culture and incubation. Fig. 2-9 shows the cell 
morphology result with mouse adipocyte cells and indicates that no toxicity was shown 
in both uncoated (a) and DLC coated silicon surfaces (b) after 4-hour initial contact. 
The result revealed that attachment and extension of cells after 4-hour cell cultures were 
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totally different between DLC coated and uncoated silicone surfaces. In cells exposed to 
bared silicone surface, altered cell morphology with rounding and partial detachment 
appears, while cells exposed to DLC coated surface maintain typical filopodial shape 
and well expansion. The surface was also covered by extra cellular matrix even after 
4-hour cell culture. Untreated and treated samples show totally different topologies. 
Therefore, the cell morphology on DLC-coated samples shows to be similar to the 
surfaces with similar topology. Although the cell morphology of the DLC coated 
silicone was affected by nanoscale surface topology change after the surface coating, 
the cells were well spread on the surface regardless of the deposited carbon film 













Fig. 2-9. SEM photographs of adipocyte cells on (a) uncoated surface and (b) DLC 
coated silicone tube surface. 
50 mm  50 mm  
(b) DLC (a) uncoated surface 
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2.3.3 Cell viability 
Figure 2-10 shows the cell viability on DLC coated and uncoated silicone tubes 
quantified by the MTS assay after culturing for 2, 4 and 6 days. The level of cell growth 
was not significantly higher on the DLC coated silicone tube after 4-day and 6-day cell 
culture compared to untreated silicone tube. The cell proliferation results culturing for 4 
and 6 days clearly demonstrate that cells were viable on both untreated and DLC-coated 
silicone tubes and that there is no toxic effect of the DLC coated silicon on the cell 
attachment, growth and proliferation stages. 
 
 

































2.4 Brief summary 
DLC coating on flexible silicone tube has been prepared by the coaxial magnetron 
plasma with multiple electrodes [B16]. Raman data indicated the presence of DLC, and 
the influence of plasma density on the size of carbon crystallites. Low 
friction-coefficient DLC was obtained at low magnetic flux density. Preliminary cell 
culture results verify that DLC coatings on silicone surface are biocompatible. From the 
above, co-axial magnetron plasma with multiple electrodes (ground electrodes and 
targets) is revealed to be useful for DLC coating on the outer wall of non-conductive 
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Narrow tubes are commonly and widely used in industry to deliver water, gas, 
cooling substances, etc. [C1]. However, these tubes are often required to have excel 
performances in terms of corrosion and wear resistance. It is, therefore, necessary to 
create protection films on the inside walls of tubes. In this regard, several studies have 
been conducted [C2-C10]. In addition, sputtering method using coaxial magnetron 
pulsed plasma (CMPP) has been proposed by H. Fujiyama et al. for inner narrow tube 
coating [C10, C11].
 
In the sputtering process using CMPP, plasma must be shifted along 
the tube. Shifting of plasma can be caused by a fact that the deposited conductive film 
plays a role of anode. This is the extended anode effect, which is effective in the 
conductive film coating. The shifting velocity was reported to increase with sputtering 
yield of the target material and to decrease with the electric resistivity of the deposited 
film [C10, C11].
 
The shifting velocity also depends on the properties of the target 
materials (cathode). As many physical parameters affect the extended anode effect, 
further studies on the effects of physical conditions are required.  
In the present study the author investigated the extended anode effect for 
titanium-oxide (TiO2) and titanium-nitride (TiN) films that have different electric 
resistivity. Furthermore, the author discussed the influence of the physical conditions on 




3.2 Experimental method 
 
 
Fig. 3-1. Experimental apparatus. 
 
Figure 3-1 shows the experimental equipment for tube inner coating by 
double-ended coaxial magnetron pulsed plasma (DCMPP). A long cylindrical vacuum 
chamber of 1300 mm in length and 320 mm in inner diameter was used. Water-cooled 
solenoidal coil was arranged coaxially around the chamber. DCMPP electrode was 
placed inside the chamber. Pulsed discharge took place between the long narrow 
cathode (titanium rod of 3mm in diameter) and the grounded anode. The anode 
consisted of two connected parts. The first part was short stainless steel (SUS) ring at 
both sides of the tube (16 mm in outer diameter), and the second part was glass tube (19 
mm in outer diameter, 16.5 mm in inner diameter, and 500 mm in length). However, the 
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coated part of the glass tube was only 435 mm in the middle of the tube, since the 
uncoated parts at both edges of the glass tube were covered by the two SUS ring anodes.  
Axial strong magnetic field (833 Gauss) was applied. Owing to the magnetron effect 
the breakdown can be made easier in a narrow tube under low-pressure conditions than 
without axial magnetic field. Coating was performed in argon and nitrogen mixture 
(Ar+N2) as well as argon and oxygen mixture (Ar+O2) gas. Discharge onset pressure 
was investigated in the range of 0.5~2.5 Pa, and optimum discharge pressure was 
determined to be 1 Pa according to Paschen curve. The detailed experimental conditions 
are shown in Table 3-1. 
In order to evaluate the thickness of the coated films, a flat glass substrate test piece 
(435 mm in length and 5 mm in width and 0.7 mm in thickness) was inserted inside the 
tube as shown in Fig. 3-1. The flat substrate was marked by a magic pen at several 
positions. The mark plays a role which prevents coating and makes a step change in the 
film thickness at the positions marked. We evaluated the thickness of coatings by 
measuring the height of the step change at the corresponding position with a surface 
profilometer (Veeco dektak 150). After the measurement of film thickness, the flat 
substrate was cut into several pieces at the points that were marked by the magic pen. 
Then, the electrical resistance R was measured by contacting ohmmeter probes at the 
edges of both ends of a cut piece. Consequently, the resistivity ρ was calculated by the 
formula,                                      
                              ρ = RA/L                    (3-1) 





Table 3-1. Experimental conditions. 
Magnetic flux density [Gauss] 833 
Gas pressure [Pa] 1 
Mass flow rate of Ar [SCCM] 100, 90, 80, 70, 60, 
50 
Mass flow rate of N2 [SCCM] 0,10,20,30,40,50 
Mass flow rate of O2 [SCCM] 0,5,10,15,20,25 
Applied power [Watt] 300 
Duty cycle [%] 55 
Pulse repetition frequency [kHz] 100 
Sputtering time [min] 2 (15 sec×8) 
 
3.3 Results and discussion 
3.3.1 Influence of pulse repetition frequency  
Figure 3-2 shows the waveforms of discharge current (Id) and voltage (Vd). The 
pulsed voltage was generated with a power supply (Advanced Energy, Pinnacle Plus+ 
10 kW (325-800 V dc)), and the current was measured with a Rogowski coil and an 
oscilloscope. Plasma is produced soon after the voltage drop, and ends within a few ms 
which is shorter than the duration of the on-time. The negative charges flow to anode 
(glass tube), while positive charges flow to cathode (target). As a result, negative 
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charges are accumulated on the inner walls of glass tube. When the coated film is 
conductive, accumulated charge will be relaxed. However, the relaxation effect is not 
effective for non-conducting film. The accumulated charge in the glass tube will be also 
relaxed with the residual space charge. They will be driven by the inverse field caused 
by the accumulated charge. The inverse current during the off-time in Fig. 3-2 may 
suggest the relaxation effect of the space charge. 
 
 





Fig. 3-3. Discharge current (Id) as a function of pulse repetition frequency. 
 
Based on the results in Fig. 3-2, the influence of the pulse repetition frequency was 
examined. Fig. 3-3 shows the discharge current (Id) as a function of the pulse repetition 
frequency of the applied voltage. The current Id increased with the frequency. Therefore, 
it was better to use high frequency (100 kHz). 
 
3.3.2 Influence of nitrogen fraction 
The effect of N2 fraction in the gas mixture (fN2) on discharge current (Id) and 
discharge voltage (Vd) were observed with an oscilloscope and the monitor of the power 
supply. Fig. 3-4 shows the discharge voltage and discharge current as a function of 
fraction of N2. Under the constant power, the discharge voltage Vd increased and the 
discharge current Id decreased with increasing of fN2 as shown in Figs. 3-4 (a) and (b). 
Figure 3-5 shows the film thickness as a function of fraction of N2. Fig. 3-5 clearly 
















(a) discharge voltage          (b) discharge current 
Fig. 3-4. Discharge voltage and discharge current as a function of fraction of N2. 
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Fig. 3-6. Film resistivity as a function of fraction of N2. 
 
Figure 3-6 shows the film resistivity as a function of fraction of N2. The film 
resistivity increased with fN2 when fN2 was more than 30%. At this point, the deposited 
film is supposed to be changed from metallic titanium to titanium-nitride (TiN). The 
reason why the thickness decreased with fN2 shown in Fig. 3-5 can be attributed to the 






















3.3.3 Influence of oxygen fraction  
 
 
Fig. 3-7. Film thickness as a function of fraction of O2 for different axial positions along 
the tube. 
 
It was found that film thickness decreased with fraction of O2 (fO2) increased as 
shown in Fig. 3-7. In the case of TiO2 inner coating, both of negative ion production and 
electrical resistance would strongly influenced on the extended anode effect. Here, to 
compare TiO2 coating with other coating in which negative ions are not produced, TiN 
coating was performed. 
Figure 3-8 shows the film resistivity as a function of fraction of O2 (fO2). The electric 
resistivity of deposited film increased with fO2 and became very large at fO2=9.1 (%). 
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Fig. 3-8. Film resistivity as a function of fraction of O2. 
 
 






















In order to confirm the hypothesis, XPS analysis was conducted. Fig. 3-9 shows the 
XPS analysis results. XPS studies were conducted for samples at the middle of glass 
tube at position Z3 (22.5 cm) to understand the chemical environment of titanium in the 
presence of different fraction of O2.  The characteristic peak of metal titanium for 
binding energy around 456 eV was observed under the conditions of fO2 at 0%, 3.2%, 
and 6.2%. This confirms the explanation for the above results in Figs. 3-7 and 3-8. 
Furthermore, a peak of non-stoichiometric oxide around 261 eV was observed for 
different conditions even for fO2 at 0%, which suggest that the film deposited at fO2 = 
0% was oxidized. As the result of XPS shows that the upper surface of the film was 
oxidized even at fO2 = 0%, that can be attributed to oxidation happens when films were 
removed from chamber and exposed to atmosphere.  On the other hand, in the absence 
of oxygen, the result for the resistivity shows that the inner part of the film was not 
oxidized at fO2 = 0%   Considering these two results, only the surface of the film was 
oxidized at fO2 = 0%. 
The increase in film resistivity will decrease the shifting velocity of plasma along 
the tube and that will affect the extended anode effect. Thus, this increase in the film 
resistivity affected the shifting velocity of main plasma position along the tube, as the 
shifting velocity decreased with increasing the electrical resistivity of the deposited film. 
Furthermore, the shifting velocity of main plasma position along the tube was 
influenced by decreasing of deposition rate by the decreasing electron density caused by 
the negative ion production. This will be discussed later.  
Figure 3-10 shows film thickness as a function of axial position. This graph 
indicates the obvious difference in film thickness for fO2≤9.1, which has smaller film 
thickness due to decreased plasma density by negative ion production and/or the 
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formation of TiO2 film with higher electrical resistivity. Therefore, extended anode 




Fig. 3-10. Film thickness as a function of axial position. 
 
Negative ions are produced during the sputtering time because of the presence of O2, 
the reaction is shown by Equation 3-2.  
                         O2+2e-→O
2-
                    (3-2) 
During sputtering time, negative ions will be produced, and these negative ions and 
electrons will be attracted to the tube (anode). Since the target is cathode, electron 
density would be decreased and plasma generation might be ceased for long exposure 
time. Thus, the production of negative ions leads to a decrease in the electron density 
and to a decrease of the thickness of TiO2 thin film. However, the use of pulsed power 

















Position Z [cm] 
(O2%) 0 3.2 6.2 9.1 11.7 14.2
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refreshing time, pulse off-time is indispensable for sustaining the plasma generation and 
for relatively high density plasma. Because negative charges accumulate on the inner 
walls of glass tube (anode) during the on-time, electrons and negative ions repel each 
other during the off-time. The electrons move toward the inner conductor owing to the 
reverse field generated by the accumulated charge. The current pulse during the off-time 





















3.4 Brief summary 
For uniform tube inner coating of non-conductive thin films, the extended anode 
effect in double-ended coaxial magnetron pulsed plasma was investigated. Coating has 
been performed for various thin films from metal to ceramic such as TiO2 or TiN with 
different electrical conductivity. The deposited film profile and thickness were changed 
by the film electrical resistivity. Therefore, it can be concluded that the extended anode 
effect is strongly influenced by the electrical resistance of coated thin film on the inner 
surface of insulator tube. Moreover, the shifting velocity of the main position of plasma 
was affected by the production of negative ions in case of O2. The effect of the 
production of negative ions can be seen in the difference of shifting velocity of the main 
position of plasma along the tube between the thickness profile of TiO2 film and TiN 
film. Since shifting velocity was smaller for O2 comparing to N2, TiN film was 
supposed to reach anodic state faster than TiO2 film. From the above, other methods for 
uniform coating of non-conductive thin film on the whole inner surface of insulator 
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Tube inner coating of non-conductive films by pulsed reactive coaxial 
magnetron plasma with outer anode 
 
4.1 Introduction 
As mentioned in the previous chapter, double ended coaxial magnetron pulsed 
plasma (DCMPP) method was proposed for coating of the inner walls of narrow tubes 
with the aid of extended anode effect [D1]. The extended anode effect is useful for 
coating of conductive film inside insulator tube, because the deposited film plays the 
role of anodes [D1]. However, the extended anode effect cannot be used for insulator 
tube coating of non-conductive or high resistivity films, because electrons charge up on 
the tube inner walls and that prevents plasma from spreading along the tube as reported 
in our previous article [D2]. Therefore, new methods for uniform coating of 
non-conductive or high resistivity films on the inner walls of insulator tubes are 
required. Here, the author improved DCMPP method and developed a new method 
introducing a grounded aluminum foil which covered the outside of the glass tube to 
work as an auxiliary outer anode in the DCMPP method. 
 
4.2 Experimental method 
The experimental apparatus for tube inner coating by double-ended coaxial 





(a) Overall setup 
  
(b) Details of edge anode                 (c) Details of outer anode 
Figs. 4-1. Experimental apparatus (a) overall setup, (b) details of edge anode, and (c) 
shows the details of outer anode. The white parts indicate the glass tube and the black 
parts at the edge of the glass tube are the ring anodes. 
 
A long cylindrical vacuum chamber, 1300 mm in length and 320 mm in inner 
diameter, was used, and a water-cooled solenoidal coil was arranged coaxially around 
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the chamber to generate magnetic field as shown in Fig. 4-1(a). The anode consisted of 
stainless steel (SUS) ring electrodes positioned at both ends of the tube as shown in Fig. 
4-1(b). The glass tube was 19 mm in outer diameter, 16.5 mm in inner diameter, and 
500 mm in length. The part of the glass tube to be coated was only 435 mm in the 
middle of the tube, because the uncoated parts at both edges were covered with SUS 
ring anodes. The minimum discharge gap was 6.75 mm as shown in Fig. 4-1(b). The 
glass tube was completely wrapped with a grounded aluminum foil from the outside as 
shown in Fig. 4-1(c). This aluminum foil plays a role of an auxiliary outer anode which 
enhances the axial uniformity of the deposited film thickness as discussed later. A long 
fine cathode (a titanium rod of 3 mm in diameter) was positioned at the center of the 
glass tube. 
The coating was performed by applying pulsed voltage between the anode and 
cathode under the following experimental conditions: Magnetic flux density at 833 G, 
gas pressure at 1 Pa, mass flow rate of Ar at 100, 90, 80, 70, 60 or 50 SCCM. Oxygen 
gas was used to obtain non-conductive films, so the fractions of O2 was varied under 
constant fractions of Ar. Axial strong magnetic field (833 G) was applied in order to 
make the breakdown easier in a narrow tube under low-pressure conditions. The 
magnetron effect confines the electrons near the target, and increases the probability of 
collisions between the electrons, ions, and atoms
 
[D3]. Consequently, pulsed discharge 
is generated between the long fine cathode and the grounded anode. In this study, we 
applied the frequency of 100 kHz. The applied power, the duty cycle and the sputtering 
time were set at 300 W, 55% and 2 min (15 sec×8), respectively. We also performed the 
coating without the outer anode for clarifying the effect of the outer anode.  
The methods of measurement of the thickness and the resistivity of the coated film 
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have been already explained in the previous chapter. 
 
4.3 Results and discussion 
4.3.1 Coating of non-conductive films by DCMPP 
Figure 4-2 shows the relationship between the thickness of the coated film and the 
fractions of O2 without auxiliary outer anode. This graph shows that the coated film 





Fig. 4-2. Relation between the film thickness and the fractions of O2 [%] in the case 
without Al auxiliary outer anode at the axial positions of 22.5 and 43.3cm from the edge 




Figure 4-3 shows the relationship between the resistivity of the coated film and the 
fractions of O2. This graph indicates that the resistivity increased with the fractions of 
O2, and the property of the deposited film changed from metallic Ti to oxide TiO2 at 
9.1% of the fractions of O2. Under that condition, the film with relatively high 
resistivity (more than 10
-3
 Ωm) was produced. The increase of fractions of O2 leads to 
the production of negative ions. When the coated film is conductive, the deposited film 
plays a role of an anode to spread plasma along the tube and the ions are neutralized 
through the conductive film. On the other hand, when the coated film is non-conductive, 
the ions deposit on the insulator glass and on the non-conductive film. Thus, the charge 
accumulation of the surface of the film depends on the resistivity of the film. In the case 
of non-conductive or high resistive film, the major parts of the ions are deposited 
around the ring anodes and the electric field in the tube is affected by the deposited 
charges. Consequently, the plasma density was supposed to be reduced and the film 







Fig. 4-3. Relation between the resistivity and the fractions of O2 [%] in the case without 
Al outer anode at different positions. 
 
Figure 4-4 shows the distribution of the thickness of the coated film as a parameter 
of the fractions of O2 without outer anode. Three types of the distributions are 
recognized: they are almost flat distribution at low fractions of O2, a convex shape 
distribution at middle fractions of O2, and a concave shape distribution at high fractions 
of O2. The thickness of the deposited film decreased with the fractions of O2. This 
phenomenon can be attributed to the plasma density distribution affected by the change 






Fig. 4-4. Distribution of the film thickness along the axial position at different fractions 
of O2 [%] in the case without Al outer anode. 
 
4.3.2 Coating of non-conductive films by DCMPP with outer anode 
Figure 4-5 shows the thickness distributions as a parameter of the fractions of O2 
with outer anode. The results reinforce the findings in Fig. 4-4. Higher resistivity of the 
coated film leads to production of thinner film. The criterion of the fractions of O2 for 
coating of non-conductive film was around 9.1%. The films in Fig. 4-5 have better 





Fig. 4-5. Distributions of the film thickness along the axial position at different fractions 
of O2 [%] in the case with Al outer anode. 
 
Figure 4-6 shows the relationship between the resistivity of the coated film and the 
fraction of O2 in the case with Al outer anode. This graph indicates that the resistivity 
increased with the fraction of O2, and the property of the deposited film changed from 





Fig. 4-6. Relation between the resistivity and the fraction of O2 [%] in the case with 
Al outer anode at different positions. 
 
Figure 4-7 shows the comparison of the uniformity of the film thickness between the 
cases with and without outer anode. The fraction of O2 was 9.1 %. The electron density 
was supposed to decrease as the fractions of O2 increased because the electrons attached 




Fig. 4-7. Comparison of the deposited film thickness distribution along the axial 
position (Z) between the cases with and without Al outer anode (the fractions of O2 is 
9.1%). 
 
Figure 4-8 shows the comparison of the uniformity of the film thickness between the 
cases with and without outer anode. The uniformity was evaluated by normalizing the 
film thickness by the average thickness. The error bars show the maximum and the 
minimum thickness normalized by the average thickness. Figure 4-8 (a) shows the case 
without outer anode and (b) shows the case with outer anode. The film was smooth in 
both cases at the fraction of O2 lower than 3.2% compared with the high fraction. On 
the other hand, the uniformity was better for the case with outer anode compared with 
the case without outer anode when the fraction was higher than 9.1%. The uniformity 
became improved with the outer anode at high fraction of O2. The electron density was 
supposed to decrease as the fraction of O2 increased because the electrons attached to 
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the O2 molecules. It can be attributed to the production of negative ions which were 
accumulated on the inner wall of the glass tube. In addition the electron energy 
decreases owing to the collisions with O2 molecules. Consequently the plasma density 
and the deposition rate were reduced. 
From the above, using an auxiliary outer anode improved the axial uniformity of the 









Fig. 4-8. Normalized thickness as a function of fraction of O2 in the case (a) 





4.3.3 Effect of outer anode on film coating by DCMPP 
Figure 4-9 shows the characteristics of the DCMPP systems without using the 
auxiliary outer anode. Fig. 4-9(a) shows a schematic representation of the electric force 
lines around the glass tube. The plasma density can be estimated from the electric field 
distribution and is supposed to be higher in both edges of the glass tube than that in the 
middle. Fig. 4-9(b) shows the expected electric charges distribution on the glass tube 
coated by a non-conductive film. This figure illustrates the accumulation of negative 
charges on the inner walls of glass tube during the voltage pulse. Fig. 4-9(c) 
demonstrates an estimation of the film thickness distribution in the case of high 
resistance film. The deposited film supposed to be thicker at both edges of the glass 
tube owing to the high plasma density. However, the density of charge accumulation 
which is also higher compared with the middle of the tube decreases the electric field 
and consequently reduces the plasma density. In addition, the resputtering of the film 
can be considered around the anode. The resputtering phenomenon happens due to the 
bombardment of negative ions on surface of the deposited film, and consequently 
reduces the film thickness. Since the electric field is stronger at both edges of the glass 
tube, the likelihood for negative ions to gain enough energy for resputtering is higher at 
both edges of the glass tube. These phenomena have a role to reduce the thickness, 
however, they are complicated and depends on the fraction of O2. Then, the thickness 
distribution is supposed to become the dashed lines depending on the fraction of O2 as 





Figs. 4-9. Schematic representation of the electric force lines, electric charges 
distribution, and estimation of the film thickness distribution in the case without using 
Al outer anode. (a) A schematic representation of the electric force lines around the 
glass tube, (b) accumulated charge distribution around the glass tube, and (c) an 
estimation of the film thickness distribution in the case of high resistance film. 
 
Figure 4-10 shows the characteristics of the DCMPP systems with the auxiliary 
outer anode. Fig. 4-10(a) shows a schematic representation of the electric force lines 
around the glass tube. The plasma density estimated from the electric field distribution 
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is supposed to be almost uniform. Fig. 4-10(b) shows the expected electric charges 
distribution around the glass tube coated by a non-conductive film. Then, the 
distribution of the electric charge is also supposed to be uniform. Although the 
deposited charge decreases the electric field, the effect is expected to be uniform. Fig. 
4-10(c) shows an estimation of the film thickness distribution in the case of high 
resistance film deposited with outer anode. Since the uniform plasma density makes the 
film thickness uniform, the thickness distribution is supposed to become the solid line 
as shown in Fig. 4-10(c). The effect of the deposited charge which reduces the plasma 
density is also considered. When the effect is taken into account, the thickness 




Figures 4-10. Schematic representation of the electric force lines, electric charges 
distribution, and estimation of the film thickness distribution in the case with using Al 
outer anode. (a) A schematic representation of the electric force lines around the glass 
tube, (b) accumulated charge distribution around the glass tube, and (c) an estimation of 
the film thickness distribution in the case of high resistance film. 
 
As mentioned above, an outer auxiliary anode is expected to improve the thickness 
uniformity of a non-conductive coating on an inner surface of glass tube. Therefore, we 
synthesized an inner coating of a non-conductive film with a DCMPP system using an 
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outer auxiliary anode. 
 
4.3.4 Further improvement in coating of non-conductive films 
Figure 4-11 shows the voltage and the current characteristics as a function of the 
applied power frequency, where the power was set at 300 W. The current is an average 
current, and is supposed to mainly depend on the number of positive ions entering and 
sputtering the cathode. Therefore, higher frequency is better for sputtering.  
 
 
Fig. 4-11. Voltage and current characteristics as a function of frequency in the case 




The off-time was important for the refreshment of discharges, because the 
accumulation of electrons and negative ions on the inner wall of glass tube consequently 
reduced plasma density. Fig. 4-12 shows examples of the voltage and current 
waveforms. The positive current pulse corresponds to the discharge current. On the 
other hand, the negative current pulse is supposed to be a current due to the space 
charge in the gap, which are driven by the inverse electric field caused by the charge 
accumulated on the film surface. The duration of the inverse current was 1-2 ms. From 






Fig. 4-12. Examples of the voltage and current waveforms in the case without Al outer 










4.4 Brief summary 
The double-ended coaxial magnetron pulsed plasma (DCMPP) method with 
auxiliary outer anode was introduced in order to achieve a uniform coating of 
non-conductive thin films on the inner walls of insulator tubes. A comparison between 
films coated with and without an auxiliary outer anode was made for various fractions 
of O2. As a result, it was clearly shown that using of auxiliary outer anode with DCMPP 
method improved the uniformity in the thickness of the deposited non-conductive TiO2 
film compared to DCMPP without an auxiliary outer anode. Moreover, it was revealed 
that the property of the deposited film changed from metallic Ti to TiO2 at the fractions 
of O2 around 9.1%. From the results, it was supposed that the auxiliary outer anode 
contributed to the uniformity of the distributions of deposited negative charge on the 
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Coating with functional materials is attracting attention in various fields, because it 
can desirably change surface properties of materials. Plasma processing is widely used 
in coating, because a very wide variety of thin films can be deposited. However, it is 
very difficult to conduct inner coatings of narrow tubes. It is also difficult to conduct 
coating of non-conductive materials on non-conductive substrates. In this study, the 
author investigated on new methods to realize these challenging coatings in high 
performance. Consequently, the author has developed methods to conduct coating of 
non-conductive films on inner and outer walls of non-conductive tubes. The coated thin 
films were in acceptable performance. Major results are summarized as follows. 
(1) The author developed a method to conduct coating of diamond-like-carbon (DLC) 
film on the outer wall of non-conductive flexible medical silicone tube (catheter) by a 
coaxial magnetron plasmas with multiple electrodes. The developed method is a hybrid 
technology of plasma vapor deposition (PVD) and chemical vapor deposition (CVD). 
The presence of DLC was confirmed by Raman scattering spectroscopy. 
Biocompatibility of DLC coating was verified by cell culturing. Raman spectrum also 
indicated the influence of plasma density on the size of carbon crystallites. In addition, 
friction test revealed that low friction coefficient DLC was obtained in low magnetic 
flux density. 
(2) Validity of a double-ended coaxial magnetron pulsed plasma (DCMPP) method for 
coating on inner wall of non-conductive tube such as glass was investigated. As a result, 
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it is revealed that DCMPP method is effective for conductive film coating such as metal 
titanium (Ti), because of the extended anode effect. However, it is difficult to conduct 
uniform coating of non-conductive film such as titanium-oxide (TiO2) or 
titanium-nitride (TiN).  
(3) The results of coating on the inner wall of non-conductive tube showed that the 
thickness profile changed owing to the resistivity of the film. The thickness profile 
along the tube was also different between TiO2 and TiN. From these results, the author 
supposed that the extended anode effect was affected by film resistivity and by the 
presence of negative ions caused by the presence of O2. 
(4) The author improved DCMPP method in order to conduct uniform coating of 
non-conductive thin film of titanium-oxide (TiO2) on the inner wall of non-conductive 
tube such as glass. Finally, the author developed a hybrid method introducing an 
auxiliary outer anode to DCMPP method. It is revealed that the auxiliary outer anode 
improves uniformity of deposited film thickness. 
 
Coating by plasma processing will progress further. I hope that the developed 
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